The luminescence of p-type GaP(Zn,O), a semiconducting material for light emitting diodes, is controlled by the transitions of the excited free electrons and by those of the electrons bound to the luminescent nearest-neighbor (ZncaOp) complexes. The results of the determination of the internal quantum efficiency (~l) on a large number of samples, prepared by solution growth and by liquid phase epitaxy and covering a zinc concentration range of 1027-5 9 10 is cm -~, lead to the conclusion that an Auger effect acting on the bound electrons is the dominant cause of the reduction of the internal efficiency of the samples with a free hole concentration (p) above 4 9 1017 cm -~, where also the trapping by "killers" becomes negligible. The Auger constant was derived, being ~3 9 10 -11 cm 3 sec -1. Below this concentration the thermalization of the electrons bound to the complexes is the more important effect enhancing the otherwise relatively small action of the killers. The best value for ~ is ~40% at p ~5 9 1017 cm-~. Decay time (~) measurements, using pulsed and sine-wave modulated excitation, provide insight in the effect of screening by free holes on the radiative and Auger transitions by using in the interpretation of the data the quantity (m/T) which is proportional to the effective radiative recombination rate (including the effect of screening mentioned). Both radiative and Auger transition probabilities are reduced by a common screening factor as low as 0.2. Electron diffusion length measurements on the epitaxial samples show a strong decrease of the minority carrier lifetime with increasing zinc concentration which is ascribed mainly to the trapping by the (ZnO) complexes whose concentration increases with the zinc dolce. This study also provides information on the oxygen incorporation during the crystal growth. This incorporation probably takes place at thermal equilibrium between the oxygen source and the solid GaP.
Semiconductor diodes that emit visible light are of increasing importance for certain applications, i.e., for indication and for display of symbols. The luminescence efficiency of such diodes is generally much below 100%. Various causes exist for this circumstance part of which are peculiar to the semiconductor material used and to the devices made from them. These causes are still a matter oi conjecture. In this respect the subject of this paper, p-type gallium phosphide doped with zinc and oxygen, is no exception. Partly these causes arise from the properties of the light emitting layer, i.e., p-type GaP(Zn, O). Another cause, generally of minor importance for this type of material, is the limited efficiency of injection of electrons into this layer.
A study of dopant-dependent recombination in ptype GaP(Zn, O) is useful to elucidate the relevant properties of this layer with respect to both bulk efficiency and injection efficiency.
With regard to the bulk efficiency results have been published by Dishman, DiDomenico, and Caruso (1) and Jayson, Bhargava, and Dixon (2) . They used the dopant dependence of two observables, quantum efficiency and decay time. In Ref. (1) it was tried to determine the internal quantum efficiency, a difficult experimental problem, while Ref. (2) emphasized the decay measurements. In view of the large number of model parameters a priori statements on some of these parameters were used, partly based on a theoretical study by Sinha and DiDomenico (3) . References (1) and (2) essentially used a recombination model for which Fig. 1 shows a simplified level and transition diagram. It is seen that the losses arise from two groups of nonradiative transitions labeled ?'nk and rn which act on the free and bound electrons, respectively, and which parallel the transitions rnt and rr that lead to the luminescence. The luminescent centers Nt, to whose concentration the rate of transitions rnt is proportional, are nearest-neighbor complexes of one zinc ion and one oxygen ion (4) (on the gallium and PhOsphorus sites, respectively). These complexes have an electron binding energy Et ~ 0.3 eV. The thermal emission (rtn) in which E t is active has the effect of enhancing the electron losses through the path rnk. This effect (5) , causing a temperature-dependent reduction of the efficiency, can be important at room temloerature for the p-type GaP(Zn, O) used in light emitting diodes. The transitions rnk , rn, and rr which are not specified in detail in Fig. 1 terminate in hole levels. For rn and rr such levels are close to both valence band and equilibrium Fermi level, requiring the knowledge of hole statistics in the recombination studies (5) . rr was found to arise from two radiative mechanisms, i.e., exciton annihilation and complex-tozinc-acceptor transitions both of which contribute to the red luminescence (4, 6) . The former mechanism is generally the stronger one. 
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A different approach which involves few a priori statements was used by Henry, Bachrach, and Schumaker (7) who invoked the decay behavior of the free electrons, measured through the green exciton luminescence, to obtain data on the competition between the transitions rnt and rnk. Using these measurements in addition to internal quantum efficiency results and decays of the red emission, data were found on the competition between the transitions rr and rn. For the study of the dopant dependence of the competition between rnk and rnt the method of using the green exciton decay is, however, not suitable owing to the immeasurably short lifetimes of the free electrons in samples of high zinc concentration. This is borne out by our findings on the diffusion length (also to be discussed in the present paper). For the study of the energy losses through the paths rnk and rn the present paper emphasizes the dopant dependence of the internal quantum efficiency of the red luminescence. As it will be shown this approach involves only a few a priori assumptions. The efficiency (~) is conveniently expressed by the quantity (1 --~1)/~1 to show the effects of the two energy losses. The decay time (~) of the red luminescence plays a secondary role and serves to provide information on the effects of screening and hole statistics on the bound excitons that yield most of the red luminescence. The study of these effects uses the quantity ~/r that is free from many model parameters that act on the separate quantities ~] and T.
Another subject is discussed in the present paper, namely, the rate of transitions rnt which is connected with the diffusion length of the electrons in pGaP(Zn, O) through the minority carrier lifetime. Findings on this quantity are helpful in understanding the injection efficiency of a light emitting diode containing the GaP(Zn, O). The present paper, however, deals with these findings in a different context, i.e., th.at of the rather intangible problem of the oxygen incorporation in GaP. The connecting link with ?'nt is the proportionality of rnt with the concentration of the (ZnO) complexes.
The following section covers the preparational and experimental techniques. It contains a somewhat extended discussion on the problem of determining the internal quantum efficiency. In subsequent sections are discussed the measurements; the results of decay and efficiency measurements in order to assess the importance of killers (rnk) and Auger transitions (rn); and the diffusion length measurements in order to reach conclusions on the oxygen incorporation.
Preparation of the Samples and Experimental Techniques
Two techniques were used for the crystallization of GaP from a saturated solution in pure Ga (6N, Alusuisse). Both use as the starting material GaP which was synthesized from PH,~ and Ga yielding spectrochemically pure crystals 1 which contain less than 1 ppm of sulfur. One technique of sample preparation is by spontaneous growth in an evacuated and sealed quartz ampul ("solution-grown" or SG samples). The other technique is by liquid phase eitaxy (LPE samples) (9) using n-type GaP substrates being themselves LPE material or GaP obtained by the liquid encapsulation technique e (LEC crystals). The LPE technique also provides the p-n junctions to enable the measurement of diffusion lengths.
The SG samples were grown by cooling the solution from 1130 ~ to 800~ with a rate of 5 ~ or 13~ while the data for the LPE samples are 1050 (10) 500~ followed by an anneal at 500~ for 12-14 hr. This annealing which also occurs during a good part of the time of growth promotes the formation of the luminescent i The crystals were prepared in a production facility of Philips at Maarheeze, The Netherlands, according to a procedure described by Grimmeiss, Kischio, and Scholz (S).
LEC crystals were grown by Mr. I-I. J. A. van Dijk at this laboratory.
(ZnO) complexes. For the SG samples this annealing was carried out separately at 500~ in air for 168 hr, with a preanneal at 560~176
Both techniques use zinc additions to the solution so as to cover a zinc acceptor concentration range from 1.1017 to 5.10 is cm -,s. Sufficient oxygen was added, as Ga208, to obtain amply saturated solutions in G~a for the LPE technique whereas for the SG technique the amounts added vary, being 10 -1, 2-10 -~, and 4.10-~ mol per cent. It is convenient to state in this section that in a previous investigation of a large number of SG samples no clear correlation was found between the Ga~O3 admixture and the two physical quantities measured on the SG material, i.e,, efficiency and decay time. Therefore no discussion is given on effects of variation of the Ga203 admixture in the present paper.
In addition to the internal quantum efficiency and the decay time constant of the luminescence which were determined on all samples, the electron diffusion length and the free hole concentration were measured on the LPE samples. For the latter quantity a conventional Hall measurement technique was applied using the van tier Pauw method (10) . Regarding the SG samples batch averages were determined for the zinc concentration using an atomic absorption analysis preceded by the extraction of the zinc from GaP which w, as dissolved in aqua regia (11) .3 With regard to the Hall .effect results a finding by Foster, Woods and Lewis (12)4 must be mentioned, p as measured was found to be approximately equal to [Zn] and is therefore larger than the true value of p. In the discussion of the concentration-dependent recombination it is to be understood that p, acting as an independent variable, is the measured quantity, in accordance with the practice in Ref. (1) and (2) . The values of quantities that multiply p in equations are therefore different from the true values. Inasmuch as the measured value of p is approximately proportional to the true value no essential change is necessary in the interpretation of the recombination results.
Using a scanning electron microscope electron diffusion lengths were determined by the evaluation of the electron beam induced currents in the p-n junctions of the LPE samples (13) . The technique and types of results are similar to those described by Hackett, Saul, Dixon, and Kammlott (14) .
Two methods were used to determine the decay time constants, i.e., sine-wave modulated excitation and pulsed excitation. In the former method a 514.5 nm laser beam from a Coherent Radiation argon ion laser, Model 52, was modulated by a Lasermetrics electrooptical modulator, Model EOM 3064, up to 50 MI-Iz, using a built-in electrical network to match the output circuit of a wideband amplifier, Model GA-15, from the same firm. Both laser beam and luminescence were perceived by photomultipliers with a trialkali cathode, Philips or Amperex Type 56TVP, which provided the luminescence and reference signals for a Hewlett Packard vector voltmeter, Model 8405 A. This instrument measured the phase difference (~) between the luminescence and the excitation as a function of the frequency (F). The interpretation uses the relation between r and the decay time T tan r ----2~.F.~ [1] which is appropriate for systems having a single decay time. The results are generally in good agreement (within 10-20%) with those obtained by the other method which used 350 kV electron pulses of 2 nsec duration and 1 mA peak current. In the latter method the decay was measured by photon counting using a "delayed coincidence" method (15) or storage in a
The [Zn~] determination was carried out by Mr. L. H. Bastings and co-workers of this laboratory using a dithizon extraction method according to Ref. (11) .
According to our calculations on the oxygen ir~corporation the concentration of the zinc incorporated is higher than the measured free hole concentration by a factor of roughly 1.5.
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April 1976 fast multichannel buffer memory (16) . Generally the decays measured were exponential over at least one decade of intensity and frequently over 11/2-2 decades. The internal quantum efficiency was determined from a set of values of the external quantum efficiency applying immersion of the sample in liquids of different indices of refraction. Each liquid was contained in a spherical glass vessel which was positioned in an integrating sphere which provided the required 4~ geometry. The .excitation was by the same laser source mentioned earlier. The detection of the excitation and luminescence light employed a calibrated photomultiplier in combination with suitable filters# The samples, i.e., ptanparallel epitaxial samples and more irregular solution-grown samples, were reduced in size to achieve a good transparency. At sufficient size reduction the external efficiency should approach the internal efficiency. Nevertheless immersion in liquids of increasing optical density still leads to an increasing efficiency value. The immersion fluids used were air, ethanol, trichloroethylene, and in a few cases methylene iodide having indices of refraction equal to 1, 1.359, 1.4765, and 1.738, respectively.
In the interpretation of the efficiency results a Stern plot (17) is used where it is assumed that the external and internal efficiencies are related to an average transfer function Tavg by ~int/~ext : 1 -{-S/Tavg [2] A plot of 1/11ext against 1/Tavg should then extrapolate to 1/~lint at 1/Tavg : O. Tavg is the probability for a photon to exit into the less dense outer medium when arriving at the interface. The slope constant S in Eq. [2] varies considerably between samples. Obviously a small value of this constant is favorable. This is also true from a theoretical point of view. In deriving Eq.
[2] it is supposed that (i) a photon undergoes a large number of reflections prior to exit into the outer medium, and (it) this large number leads to randomization of the propagation directions within the sample. These assumptions may not remain true when the ratio of the indices of refraction approaches unity. A deviation from Eq. [2] might therefore occur when the experiment could be continued with outer media of higher optical density implying that the extrapolated value would differ from the true value of the internal efficiency. This difference is probably lessened by reducing the slope constant.
Experimental Results
The experiments to be described were all carried out at room temperature.
Bulk quantities.--Internal quantum efficiency (0)
and decay time constant (~) were measured at 293~ Figure 2 shows ~1 against p. It is seen that ~1 decreases with increasing p from a maximum of about 40% at p ~ 5.1017 cm -.~. This decrease is discussed later. The symbol + refers to a measurement of Ref. (7) . Figure  3 shows ~ against p and includes the measurement of Ref. (7) and those of Ref. (2) . The results on our SG samples were plotted by interpolation between those on our LPE samples for which p is known in order to assign p values to the SG samples. 6 This interpolation enabled the plots of other quantities against p, including the plot in Fig. 2 . Since Fig. 3 will not be directly involved in the interpretation of the measurements (nor will Fig. 2 ) in the section on efficiency and decay results, some discussion is given here. In contrast to ~, that was necessary for the ~1 measurements. This change in p may arise from the separation of a small part from a somewhat inhomogeneous, large sample on which the Hall measurement was carried out. The results of Ref. (2) and of the present paper are in fair agreement.
The ~ and r results will be used to find information on the energy losses by killers and by an Auger effect and on screening, in a later section.
Dif]usion length.--For the technique and interpretation reference can be made to Hackett et al. (14) . Short diffusion lengths, down to 0.16 nm, as occur in samples with a high [Zn] value, could be determined without much difficulty. This is shown in Fig. 4a along with a case of a longer diffusion length of a sample with a low [Zn] value (Fig. 4b) . The linear parts from which the diffusion length is determined generally exceed one decade of the electron beam induced current. Figure 4a shows the effect of the finite excitation volume becoming comparable to the diffusion length, the slope from which this length was determined being far from the p-n junction. The electron beam current was a few times 10-1aA at 10 kV.
Results (on LPE samples only) are stated in terms of the minority carrier lifetime (~MIN) which is related to the diffusion length by the known expression L~ep -~ Dep'TMIN [3] ) unless CC License in place (see abstract 10 -e A comparison is made in Fig. 5 with results (18) on GaP(Zn), without intentionally added oxygen, for which a representative curve was drawn (curve 3). It is seen from this comparison that there is a reduction of the minority carrier lifetime with respect to the oxygenless samples, pointing to the involvement of oxygen in the creation of the relevant capturing centers. In view of the dopant dependence of ~M~N zinc must also be involved in the creation of these centers. It is reasonable to identify these centers with the luminescent (ZnO) complexes. A few results from Ref. (14) on GaP(Zn, O) are also included in Fig. 5 , part of which agrees with our findings. One point, however, shows a rather large upward deviation. In view of our conclusion on the involvement of O and Zn we would suspect a (relative) oxygen deficiency for the sample in question.
Discussion of the Efficiency and Decay Results
In the discussion of Fig. 1 two causes for the reduction of the efficiency were mentioned, i.e., the recombination through killers and the Auger effect, as well as an additional cause, i.e., the thermal quenching which depends on the presence of killers. An extension of this discussion is now necessary to take account of the existence of two excited states of the luminescent center (4) as well as of the influence of the hole statistics which cause these states (the single electron and exciton states) to change into each other by the transfer of the exciton hole from and to the valence band. Figure 6 shows the relevant level and transition scheme. (See List of Symbols.) ~ Linearized expressions for ~ and 9 were derived in Ref. (1 and 2) . The linearization is justified by the application of low excitation densities to the samples so as to avoid saturation of the luminescent centers. Various radiative and Auger transitions involving the luminescent centers have been discussed in Ref. (1-3) . We shall only invoke the is stated so as to expose the three causes of efficiency reduction mentioned above, each in terms of competition between two types of transition. The first term on the right-hand side is the killer term where s (= rnt/ [rnt -~-rnk]) is the ratio of branching the excited free electrons to the luminescent centers (Nt). The loss through killers is enhanced by the thermal quenching. The second term is an extension of the first term by including the competition between the thermal emission (rtn), affecting the single electron states (Nt-), and the radiative transitions (r~r) of the exciton states (Nt*). This competition invokes the relative probabilities of finding these excited states, i.e., respectively
(1 --~) and ]. Assuming thermal equilibrium between these states these probabilities are represented by the factor Ph/P, a Boltzmann-type expression which depends on the ionization energy Eh of the exciton hole, the density of states of the valence band, and a degeneracy factor. The Auger effect (rxn) is expressed by the third term to be in competition with the radiation, rewriting their rates as Bo'P'ga and rxro'gr to show the dependence on p and that on screening. The screening factors ga and gr, both being below unity, multiply the basic constants Bo and rxro. The second and third terms, depending on p, allow 45 ~ line approximations in a double log plot of (1 --~)/~] against p. points can be approximated by a straight line under 45 ~ pointing to the dominance of the third term of Eq. [4] . This implies that the multiplier of p in this term is essentially constant. Excluding the possibility of covariance of s and ga/gr as functions of p it is fair to assume ga/gr -----1, as it was done in Ref. (1-2) , and s ----constant. Regarding s it is implausible to use a value much below unity. The reason for taking s ~ 1 follows from the discussion of the minority carrier lifetimes in the next section; the trapping rate rnt of the luminescent complexes, being proportional to [ZnO] which increases with p, would require the killer action to increase proportionally to maintain a constant value of s being smaller than unity. For such proportionality no plausible model is, however, known.
Using then ga/gr ----s = 1 as fair conclusions (20) from the application of Eq. [4] to experiment, Bo/rxl.o can be estimated at 2.5-3.8.10 -is cm ~. Assuming the low temperature value of rxro, being 107 sec -1 (6), to be applicable to GaP (Zn, O) at room temperature we obtain Bo ----2.5-3.8.10 -it cm~-sec -i. Figure 7 contains various broken line approximations of Eq. [4] using s as the parameter and Bo ----2.5"10 -ll cm~-sec -1. It is seen thai for the values of s used the first term of Eq. [4] is unimportant. In contrast to the third term no confirmation can be found for the dependence on p of the second term, which gives the other (negative) 45 ~ approximation, owing to the small number of samples for which p is known [including one measurement of Ref. (7)]. For these samples accidental killers may play a role giving rise to differences in s. Using values 4.5.106 sec-i for rtn (2) and 1.2.10 TM cm-~ for ph (to be discussed later) a few low-p samples are still found to have s values in excess of 0.5.
We emphasize the following findings from Fig. 7 , using Eq [4] . The loss through killers is unimportant above p ----4.1017 cm -3, more so in comparison with the loss by the Auger effect. The basic rate constant of the Auger effect, Bo, was found to be ~3.10 -it cmL sec -1, using these efficiency results only. The free electron branching ratio s is high, exceeding 0.5 for most samples and being probably equal to unity at high p. The screening by free holes affects the radiative and Auger transitions in about the same way. At P < 4"101~ cm -3 the killers predominate mainly through the thermal quenching (at room temperature).
In discussing the effects of screening we shall use a single screening factor, g, and express ~ in a different way s = s. (rr'~) [5] where n is seen to be reduced below unity in two steps, i.e., branching of the free electrons (s) and branching between the radiative and all other transitions to which the electrons on the luminescent centers are subject. The former transitions (rate rr) and latter transitions constitute the decay rate 1/T. Putting the observable quantities ~] and 9 on one side and reexpressing rr by f'g'rxro we obtain ~]/T : S'f'g'rxro [6] f being, as stated earlier, the probability of finding the excited luminescent center in the exciton state. When s is known, using the findings on ~ of Fig. 7 , it is possible to use Eq. [6] to obtain information on the screening. Figure 8 shows the experimental ~/z results along with a theoretical curve to be discussed later in this section. According to the findings on 0, s is .close to unity for p > 4.1017 cm -3. Taking as before ?'xro : 107 sec -1 it is then immediately concluded that the product f.g is of the order of 0. high p (in view ,of S = P/(P + Ph), g can therefore be estimated at, say, 0.2 implying a strong reduction oi the transition probability by screening.
No confirmation of some screening model was found possible using the ~]/~ findings. Known theories (1-3) employ a few parameters for which we could not obtain a unique set of values. Another consequence is that we are not well able to establish separate functions for f and g. The theoretical curve in Fig. 8 is based on an arbitrary mathematical approach of the screening effect. At the lower p values, however, where the screening should be weak (g ~ 1) )~ may be estimated leading to the value of Ph we have applied in the discussion of the (1-~])/~l results, i.e., 1.2.1018 cm -3.
The considerations in this section depend critically on the assumption of a value for the basic quantity rxro. In view of Eq. [4] the basic Auger rate constant Bo also depends on this assumption. It may be tried to reduce both quantities by a same factor in order to obtain an alternative interpretation for the findings of Fig. 7 and 8 . The screening will then decrease and becomes absent when this factor is about 3. The fit of theory to Fig. 3 (~ against p) is, however, best using the accepted value for rxro.
At this point it may be useful to comment on findings on Auger effect and screening by other workers. Assuming a priori certain-values of the screening parameters Bo = 3"10 -n cm~-sec -1 was arrived at in Ref. (2) while in Ref. (1 and 3 ) higher values were proposed, i.e., respectively 5-10 -n and 10 -10 cm 3-sec-L The latter values must be considered too high, predicting a stronger decrease in efficiency with increasing p than we have actually found. The same conclusion applies to the value of 5.5"10 -n cm3-sec -~ we have derived from findings in Ref. (7) . The latter result is rather surprising since in this reference no modifiable assumption could be found.
Various opinions on screening also exist differing mainly in the adjustment of parameters (1, 2) . It was objected by Dapkus, Hackett, Lorimor, and Bachrach (21) that the screening as described in Ref. (2) would be too strong for the existence of "green" excitons (bound to isoelectronic nitrogen centers in GaP) at values of p above a few times 1017 cm -3. The effect of screening was therefore deemed overestimated for both green and "red" excitons. Our results supporting those of Ref. (2), however, imply that the objection of Ref. (21) is not justified with regard to the red excitons.
Concluding the discussion on screening it can be said that, using the (1 --~])/~] and the 1lIT results in combination, plausible experimental evidence on the effect of screening on the red exciton annihilation could be obtained. This evidence shows this effect to be quite appreciable.
Minority Carrier Lifetime and Oxygen Incorporation
In this section we try to deduce from the minority carrier lifetime results data on the oxygen incorporation. The connecting link between lifetime (~M~N) and this incorporation is provided by the (ZnO) complexes which act as capturing centers for the minority carriers (electrons).
Such deduction is complicated by the thermalization of the electrons from the (ZnO) complexes. ~MI~ does therefore not arise from a simple addition of the trapping rates of the complexes and the killers (r~t and rnk of Fig. 1) . Above a certain value of p the Auger effect will, however, dominate the thermalization, enabling this simple addition. It was also found that the killer action is probably weak for most samples (see preceding section). For large values of p, ZMIN can therefore be approximated by the expression
where Bnt is the capture rate constant of the complexes. Assuming for Bnt a value of about 10 -s cm3-sec -1 (22) it can be directly inferred from the experimental data (see Fig. 5 ) that [ZnO] can reach values up to l0 ss cm -3, a result that has not been thought probable before. The remaining part of this section is concerned with the functional behavior of [ZnO] in order to provide insight in the oxygen incorporation. This incorporation and the complex formation which occur at different temperatures, i.e., ~ 1000~ and ~ 500~ are two problems of defect chemistry. At these temperatures zinc and oxygen, acting as acceptors and donors on the gallium and phosphorus sites, respectively, are completely ionized. Assuming that in their interaction these ion species remain on the sites mentioned and that no vacancies 9 are involved we shall apply for the complex formation a model by Wiley (23) . This model uses the electrostatic binding energy of the two ion species to calculate the reaction constant in
which is a first approximation. In the calculations we have followed the refinements in Ref. (23) (24) who suggested that oxygen might be incorporated in an "equilibrium" or a "nonequilibrium" mode. This problem was also studied by Peters and Vink (25) . In the nonequilibrium case the oxygen incorporation is assumed to be surface controlled owing to a fixed Fermi level at the surface (26) . This implies a constant value of n in the reaction equation In the other case no such restriction on the incorporation occurs owing to, presumably, inclusions of Ga208 which are forced into the solid GaP by a supersaturation of the Ga liquid with this oxide. 10 As it is proper for an equilibrium case the following equations are inVoked to control the value of n, i.e.
9 Lacking data on energy and charge state we have not taken the P-and Ga-vacancies into account.
1o This occurred in the preparation of our LPE samples.
) unless CC License in place (see abstract and Bnt -~ 10 -8 cm3-sec -1. Clearly the experimental data are best explained assuming the equilibrium mode of incorporation to occur. The steps in the calculation for the equilibrium case are illustrated in Fig. 9 which shows the dopant dependence of the various oxygen concentrations which are linked by Wiley's theory. The above determination of the oxygen incorporated depends on the value taken for the capture rate constant Bnt. Other values are known, i.e., a value of 4.10 -s cm3-sec -1 that was derived from measurements of the decay time of the red luminescence by Jayson, Bachrach, Dapkus, and Schumaker (27) , and a value of ~ 2.10-s cmS-sec-t inferred from a transient capacitance study on a p-n junction by Lang (28), a more direct determination. Application of the latter value would reduce the concentration values of Fig. 9 by a factor of two to a first approximation. Lang also determined the concentration of the (ZnO) complexes and the O donors, i.e., 4.3-11.1015 cm-8 and 1.1-1.9-10 TM cm -J, respectively, the latter value being supported by a photocapacitance study by Kukimoto, Henry, and Merritt (29) on the same sample. These concentration values are lower than the values predicted by Fig. 9 (for a zinc concentration of ~ 4.10 ~7 cm-3), being 3"10 ~6 cm -3 and ~ 10~ cm-~, by a factor of five (or a factor of 2-3 using Lang's value for Bn0. The discrepancy found above may, as also indicated in Ref. (25) , be explained by differences in sample preparation.
Conclusions
Measurements of the internal quantum efficiency which were carried out on samples of small size and good transparency show an Auger effect to be the dominant cause of losses by nonradiative transitions above p ~ 4.1017 cm -8. In addition the other nonradiative transitions, i.e., trapping by killers, become negligible. Below this p value the effect of the killers is noticeable owing to the thermalization of the minority carriers from the luminescent (ZnO) complexes. The better efficiency values are found in the lower p range with a maximum of ~ 40%. A fairly direct determination was found possible for the rate constant of the Auger effect, i.e., ~ 3.10 -11 cma-sec -1.
Using the decay time results in addition to the efficiency results screening by free holes was found to have an appreciable effect on both radiative and Auger transition probabilities of the excitons bound to the (ZnO) complexes. The theoretical interpretation does not allow a confirmation of a screening theory, however.
The measurement of the diffusion length against p provides an insight in the problem of the oxygen incorporation into GaP, the oxygen being connected with the main electron trapping centers, i.e., the (ZnO) complexes. The oxygen concentration increases with p, becoming ~ 10 is cm -3 at p ~ 5.10 is cm -3. This increase points to an equilibrium mode of oxygen incorporation in our samples which is presumably made possible by the presence of Ga2Q inclusions in the solid GaP during the crystal growth.
